We attempt to characterize the degree of skin thermal damage by using multiphoton microscopy to characterize dermal thermal damage. Our results show that dermal collagen and elastic fibers display different susceptibility to thermal injury. Morphologically, dermal collagen starts to denature at 60°C while fracture and aggregation of elastic fibers do not occur until 65°C. With increasing temperatures, the structures of both elastic and collagen fibers deteriorate. While second-harmonic-generation ͑SHG͒ imaging is helpful in identifying the denaturation temperature of collagen, autofluorescence ͑AF͒ imaging can help to identify the structural alternations of tissue at higher temperatures when SHG signals have decayed. We also employ a ratiometric approach based on the AF-to-SHG index of dermis ͑ASID͒ to characterize the degree of dermal thermal damage. Use of the ASID index can bypass the difficulty in analyzing inhomogeneous dermal fibers and show that dermal collagen starts to denature at 60°C. Our results suggest that with additional developments, multiphoton microscopy has potential to be developed into an effective in vivo imaging technique to monitor and characterize dermal thermal damage.
Introduction
The determination of the extent of thermal damage to skin has important clinical relevance in dermatology. In the case of burn victims, accurate assessment of the boundary of damaged tissues can help the clinicians in their removal and lead to recovery. In addition, thermal damage can be an unwanted side effect resulting from skin treatment procedures. Specifically, the use of lasers in skin rejuvenation, pigment treatment, hair removal, and treatment of vascular lesions can lead to the deposition of thermal energy outside the target tissue, causing unwanted thermal injuries. [1] [2] [3] [4] [5] Other treatment modalities including intense pulse light and radiofrequency can also produce thermal damages. 6, 7 Unless an effective monitoring technique is developed, the identification of appropriate parameters to enhance treatment and minimize the unwanted thermal injury will continue to be based on trial-and-error practices. Therefore, the development of a minimally invasive technique capable of monitoring the extent of skin thermal damage is invaluable to clinical dermatology.
A number of techniques have proven to be useful in characterizing skin thermal damage. While histological analysis is in common use, 1 other techniques such as reflected confocal microscopy, indocyanine green fluorescence imaging, optical coherence tomography ͑OCT͒, and laser Doppler scanning have been utilized to assess skin thermal damage. [8] [9] [10] [11] [12] An alternative approach in assessing skin thermal damage is multiphoton microscopy. 13 For the assessment of skin conditions, multiphoton microscopy offers several distinct advantages. First, imaging using the point-like excitation volume results in high-contrast images without confocal detection. 14, 15 In addition, the limited excitation volume reduces the overall specimen damage. Finally, the near-infrared excitation photons are absorbed and scattered less by tissue constituents and deeper sample imaging depths can be achieved. 16, 17 In the case of skin imaging, multiphoton microscopy offers another distinct advantage. The abundant collagen fibers in the dermis are capable of generating intense second-harmonic-generation ͑SHG͒ signals. 14, 18 While fluorescence emission typically occurs at longer wavelengths than the wavelength of the combined photons used in multiphoton excitation, SHG signal occurs at precisely half the wavelength of the excitation wavelength. [19] [20] [21] [22] [23] Therefore, the clear spectral separation between the SHG collagen fibers and autofluorescent elastic fibers can be used to identify thermal changes associated with each tissue type and can potentially lead to a quantitative parameter characterizing the extent of thermal damage of the dermis. 18, 22, 23 In this work, we used the combined imaging modality of multiphoton autofluorescence ͑AF͒ and SHG microscopy to image and characterize skin dermal damage. While the combination of forward and backward SHG has been proven to be useful in elucidating the SHG mechanism in rat tail tendons and the imaging of the cornea and sclera, 24, 25 we favor the use of backscattering geometry in SHG detection. Our choice is motivated by the clear advantage the backscattering approach offers in potential clinical applications.
Materials and Methods
The multiphoton microscope system used in this study is similar to the one previously described. 18 A diode-pumped solid-state ͑DPSS͒ laser ͑Millennia X, Spectra Physics, Mountain View, Calif.͒ pumped titanium-sapphire laser system ͑Tsunami, Spectra Physics͒ was used as the excitation source. The 780-nm output of the laser system was guided toward a modified commercial upright microscope ͑E800, Nikon, Japan͒. Prior to entering the microscope, the excitation source was angularly deflected by an x-y scanning system ͑Model 6220, Cambridge Technology, Cambridge, Mass͒. The input of the upright microscope was modified to accommodate a beam expander. The excitation source was beam expanded and reflected toward the focusing objective ͑Nikon S Fluor 40x, NA 1.30͒ by a primary dichroic ͑700DCSPXRUV-3p, Chroma Technology, Rockingham, Vermont͒. The primary dichroic is a short-pass filter that transmits below the wavelength range of 350 to 700 nm. The power at the sample was 35 mW. The nonlinear AF and SHG signal were generated at the sample focal plane and collected in the epi-illuminated or backscattering geometry by the same focusing objective. After passing through the primary dichroic, the AF and SHG signals were separated into two separate channels where they are detected by independent photomultiplier tubes ͑R7400P, Hamamatsu, Japan͒. The AF and SHG signals were separated by a secondary dichroic ͑435DCXR, Chroma Technology͒. The secondary dichroic is a long-pass filter that reflects below and transmits above 435 nm. The SHG signal was further filtered by a SHG filter ͑HQ390/20, Chroma Technology͒ centered at 390 nm with a bandwidth of 20 nm while the AF was detected by a bandpass filter ͑E700sp-2P-E435lp, Chroma Technology͒ for broadband fluorescence detection between 435 and 700 nm. To acquire a global image of the thermally treated specimens at high resolution, an x-y sample positioning stage ͑H101, Prior Scientific, UK͒ was used to translate the skin specimen after each imaged frame. A 10ϫ 10 array of overlapping and individually beam scanned images, each with an area of 110ϫ 110 m,was then assembled.
Human foreskin specimens were used in this study. The human foreskin was cut into individual pieces and placed in a phosphate buffered saline ͑PBS͒ for 20 min at the desired temperature. Temperatures separated by 5°C intervals ranging from 25°C to 95°C were used. After the thermal treatment cycle, the specimens were removed, inverted, and mounted on slides for dermal imaging. Since the back side of the foreskin corresponds to the dermal layer, the foreskin is the ideal specimen for investigating dermal changes without histological preparation. In order to avoid surface artifacts, all images were acquired at approximate 30 m below the sample surface.
Results
Large-area multiphoton AF and SHG images of the skin are shown in Fig. 1 . We observed interesting trends in SHG and AF within the skin dermis as a function of temperature. Con- sistent with our previous work, 18 intensely autofluorescent elastic fibers can be observed in the skin ͓Fig. 1͑a͒, white arrow͔. On the other hand, we found that while the foreskin dermal collagen fibers are capable of generating intense SHG signals, they are also autofluorescent ͓Fig. 1͑a͒, yellow ar-row͔, although at lower level than the elastic fibers. In the isolated SHG image, collagen fibers are clearly visible and elastic fibers do not produce SHG signals ͓Fig. 1͑b͒, yellow arrow͔.
For our study, we thermally treated the foreskin dermis at 15 different temperatures from 25°C to 90°C ͑5°C inter-vals͒, and representative images of the combined AF and SHG data are shown in Fig. 2 . We found that the appearance and organization of dermal fibers change as the temperature increases. First, as Fig. 2 shows, the general tendency is for the SHG intensity from dermal collagen to decrease with increasing temperatures. At a sufficiently high temperature of 60°C, the fibrous structures of dermal collagen in SHG images start to be disrupted. Since SHG signals of collagen are sensitive to structural changes, 22 the decrease of SHG indicates that the collagen fibers in the dermis begin to be disrupted at this temperature. As the temperature is further raised, the SHG signals further deteriorate and the presence of collagen fibers can not be easily visualized in the isolated SHG images. On the contrary, the AF of collagen fibers remains to be visible. Although the SHG intensity of collagen is progressively weakened above 60°C, the AF signals can still be used to resolve collagen structures. From AF signals, dermal collagen preserves a fibrous structure at the temperatures lower than 60°C. At 60°C, the fibrous structures of collagen start to be disrupted. At 75°C, a great proportion of collagen is molten into an amorphous structure. As the temperature is further raised, the collagen in the dermis appears to have become molten. This is consistent with the histological results showing a homogenized structure of collagen ͑data not shown͒. Hence, AF images can help to trace the presence of denatured collagen beyond the denaturation temperature. In addition, the AF images from our results also indicate that, after the disruption of structures responsible for SHG signals, collagen continues to undergo structural modifications at higher temperatures.
Compared with the collagen fibers, the elastic fibers appear to be less significantly affected by the thermal treatment. Morphologically, the elastic fibers still display a fine fibrous structure at 60°C, the temperature at which collagen SHG signals start to fade. However, when the temperature is raised to 65°C, an interesting result is revealed by the AF image. Autofluorescent elastic fibers start to fracture and become aggregated ͓Fig. 2͑d͒, red arrow͔. As temperature is further raised, the fibrous structures are progressively disrupted and the aggregations become more evident. We attempted to characterize the structural changes of elastic fibers by histological procedures. However, the thermally denatured collagen affects the elastic staining and made the analysis of elastic fiber structural alternations impossible. Judging from the serial images obtained at different temperatures, our results suggest that the small autofluorescent aggregates originate from the disrupted elastic fibers.
We also attempted to quantify our observations. Our approach is to calculate the average SHG and AF intensities across the entire large area image at each temperature. The temperature dependence of SHG and AF signals is shown in Fig. 3 . The plots show an interesting trend. It is notable that the AF only fluctuates with increasing temperature ͓Fig. 3͑a͔͒. This result is consistent with the AF images showing that collagen can still be traced by its AF even at high temperatures. On the other hand, the SHG signal shows a different trend. At sufficiently high temperatures, the SHG signal tends to decrease ͓Fig. 3͑b͔͒.
However, since the fiber distribution within the dermis is not homogeneous, the intensity variations shown in Fig. 3 may be due to the fiber distributions and morphological features of the regions being imaged. Therefore, to avoid this artifact, we used the ratiometric definition of AF-to-SHG index of dermis ͑ASID͒ of ASID = A/S ͑1͒ to characterize the thermal effects on the dermis. In this definition, A is the average AF intensity and S is the average SHG intensity of the images. In this nomenclature, a highly autofluorescent sample ͑relative to SHG signal͒ would have a higher ASID while a specimen containing intense SHG signal ͑compared with AF͒ would have a lower ASID. For the thermally treated skin specimens, we computed the ASID from the average AF and SHG intensities obtained across the entire image and the results are plotted in Fig. 4 . At temperatures lower than 60°C, the ASID is almost constant. This result also solidifies our use of a ratiometric approach in characterizing the thermal damage of the dermis in that the ratiometric analysis is not affected by the inhomogeneous fiber distribution. As the plot shows, the ASID starts to increase at 60°C and a rising trend of ASID is observed when the temperature is further elevated. This index is more sensitive in predicting dermal thermal damage as compared with the SHG intensities alone.
Discussion
Our results support the fact that qualitative and quantitative multiphoton AF and SHG microscopy is effective in identifying the extent of human dermal thermal damage. Consistent with our previous reports on rat tail tendons, 22 we observed that at sufficiently high temperatures, the collagen fiber structures in the dermis become disrupted, corresponding to a decrease in the SHG intensity. Compared with rat tail tendons, the inhomogeneous composition of dermal structures can make quantitative analysis difficult. The isolated SHG intensity can fluctuate before the denaturation temperature and complicates the analysis attempts. We observed a parallel change of SHG intensity and AF of the dermis before the denaturation temperature of 60°C. This indicates that the fluctuation of AF and SHG intensity can be accounted for by the inhomogeneous distribution of fibers in the regions imaged. However, when a ratiometric approach utilizing ASID is used for analysis, this index is shown to be able to better characterize the degree of dermal thermal damage. We found that AF can serve as a reference to compensate for the inhomogeneous distribution of fibers in the selected regions. Hence, this index is very useful in analysis of the relatively inhomogeneous structures such as dermis.
The intensity of AF from collagen shows a different trend of changes associated with thermal treatment. Since SHG is sensitive to the three-dimensional packing of collagen molecules, the disruption of SHG at 60°C and higher temperature indicates that collagen structures responsible for SHG are disrupted. It is suggested that thermal treatment breaks the hydrogen bonds that stabilize the native triple helical molecular structure of collagen, leading to an irreversible transformation of collagen molecules into a random coil. 26, 27 Hence, SHG can be used as a tool to monitor the preservation of original hydrogen bonds in collagen during thermal treatment. However, the AF of collagen is preserved even at temperatures above 60°C. It is suggested that collagen AF is from the cross-linkers of collagen fibers. 28 Judging from our results, the cross-linkers are less susceptible to the heating process. This is of significance in that after the disruption of SHG signals, AF can still be used to trace the presence of structurally altered collagen. Using AF as a guide, we observed that after the hydrogen bonds are disrupted, collagen tissue in the dermis continues to undergo structural modifications at higher temperature. The fibrous structures are gradually replaced by a molten amorphous structure. In addition to monitoring collagen thermal damage, this can be used to monitor the healing and remodeling process of collagen after thermal injuries.
In addition, the morphological structures of autofluorescent elastic fibers also change with increasing temperatures. Specifically, we observed that long fine fibrous elastic fibers started to fracture into short fibers and condense into intensely autofluorescent aggregates at 65°C.
Conclusion
The thermal damage to dermis can be morphologically and quantitatively analyzed by mulitphoton AF and SHG imaging. Collagen and elastic fibers have different susceptibility to thermal damage and their structural changes respond accordingly. The quantitative changes are confirmed by the analysis of the ASID factor we introduce to characterize the relative changes of AF to SHG intensities. The ASID index can bypass artifacts associated with the inhomogeneous distributions of the dermal fibers and shows that the denaturation temperature of dermal collagen is 60°C. This study demonstrates that multiphoton microscopy has the potential to be developed into an in vivo diagnostic technique capable of assessing thermal dermal damage and the remodeling process associated with thermal injuries. 
